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Thts final report covers the investigation of htBh-preeeure reverse osmostm

IRe) pumpm for .pace ’~ehicle Jpplicstlon done under Contract OSW-t4-30-

30bZ. The Inltlsl phase of this contrsct deLined Re system requirements for

¯ picecrAft wash wlter recycllnR Indte reported in McDonnell DouR|~s

Astronautics Company (MDAC) Report MDC*G3780. dated November 197Z.

The vendo~ p~mp survey and p~mp evel~latlo, tsske in the secon~ (~ntract

phase ere described in this report. Four selected Re pumps were ordered

and evaluated durint; ,, )0-day test under spacecraft wash water re(~overy

system conditions. Of the four candidate pumps, only two suc~ess~’ully c)m-

pleted the required 30 days (720 hours) of operation. Adescriptlor. of the

toot stand and the data I’rom the pump eva|uatton test are contained in this

report. The test data include pump power requirements, efficiency and

other desilCnparameters. The test dat~ were used to develop recommends-

tlone for a fll~ht-type prototype Re pun~p and a design epecllicatlon for a

high°pressure Re pump for apace vehicle application. Also Included ere

rOulzh order of mal~nltude fROM) costs for the development of a fllRht type

RO pump.



Sectto~ Z

INTRODUCTION

Two pacing components for a reverse osmosis (Re) sysLem for spacecrafL

water recovery are (t) & small-size, long-life, heat-aterillaable membrane

assemblyI, nd (2) a high-pressure pump that is lightweight, has low power

consumption, and will run for long periods with minimum maintenance. This

contract, OSW 14-30-3062, addresses both of these problems ins two-phase

program. Work done in the initial phase of the contract defined Re system

requirements for spacecraft wash water recycling and was completed in

November 1972 with the distribution of report MDC G3780, "Definition of

Reverse Osmosis Requirements for Spacecraft Wash Water Recycling." Such

items as module design, flow rates, recovery fractions, wash water com-

position, control methods, tradeoff factors, and design requirements are

defined. In the second phase of the contract information on pressures, tem-

peratures, flows, and wash water solutes from the initial phase were used to

develop a prel;minary design and specification for a flight configuration Re

pump. Commercial pumps were evaluated with simulated spacecraft wash

water to determine materials compatibility, seal life, design methods, power

requirements and other factors to insure thaE the contents of the design

specification cover all aspects of pump requirements for the intended service.

Preceding page blank
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Section 3

REVERSE OSMOSIS PUMP EVALUATION AND 3ET,~-CTION
I

The dsslgn of a llghtwelght, hLgh-preesure pump having high reliability and

low power consumption la a pacing item for an 110 system for spacecraft

water recovery. The objective of the Re pump study was to develop a pre-

llmlnary design and specification for a flight-configuration, hlgh-pressure

pump for a modularized six*man Re wash water recovery system. The pump

evaluation and solectlon task is described in this section and included the

following subtasks, preliminary pump requirements were identified; a study

was made of available pump types and their capabilities; a survey was made

o( vendors of commercial pumps to find off-the-shelf pumps satisfying Re

pump requires,sots; a selection was made based on criteria generated to

quantitatively evaluate the candidate cornrnorcial pumps and four pumps were

ordered fur testing. The Re pump teat results are described in Section 4 of

this report. Additional information is presented on t..~se subtasks in the

following ps ragraph~.

3. I TYPES OF PUMPS

Pumps considered for use in Re systems may be divided into four general

categories based on the principle of operation of the pumping mechanism.

These categories are (I) reciprocating pumps, (Z) centrifugal pumps,

(3) vane pumps, and (4) gear pumps. General descriptions, advantages, 

operational limitations of these cate~’,ories of pumps are presented in Sub-

sectior.s 3. I. I through 3. I. 4. The information in these subsections was

compiled from References I through 7.

3. I. I Reciprocating Pumps

Reciprocating pumps may be either piston or packed plunger type and may be

actuated’directly by & power cylinder connected to the piston rod or driven

by a crankshaft connt ~ed to an external power source. All reciprocating

pumps are commonly referred to as piston pumps. Piston pumps have high

efficleneies, high reliabillty, and high power density--maximum power for

minimum size and weight. Aircraft and missile systems use piston pumps

almost excl~usively because of these considerations.

,+ Precedin! pale blank



Piston pumps are in general slightly more expensive and require better

filtration of the inlet fluid than other pump types. When correct inlet and

outlet conditions are maintained, piston pumps may be expected to give longer

trouble-free service than other types of hydraulic pumps.

3. 1. 1. 1 Crankshaft-Driven Piston Pumps

Reciprocating pumps come in a variety of crankshaft-driven designs. A wide

range of mechanisms are employed to impart reciprocating motion to the

connecting rod and piston assemblies. These pumps are available in both

variable and fixed displacement types. A typical crankshaft driven piston

pump is shown in Figure 3- 1.

Some designs employ a crankshaft-drlven piston to displace oil which in turn

moves a diaphragm in contact with the working fluid. This type of design is

widely used in the chemical and process industries and precise control of

output volume may be achieved. Since only the cylinder head and diaphragm

are in contact with the fluid to be pumped, the problems of lubrication of the

"~ " FLUID OUTLET CR106

PACKING

’PLUNGER

PROVISION FOR

FLUID INLET

CONNECTING ROD

POWER SHAFT

Figure 3-1. Packed Plunger Reclproe.,~ti~ll Pii~.,,~ Pump
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reciprocating and rotating parts and of materials compatibility are more

easily ~olved.

Due to the cylinder and crankshaft arrangement and the supporting structure

required, together with the fact that most designs employ speed reducers

between the driving motor and input shaft, r.~ost crankshaft-driven recipro-

cating pumps are relatively heavy and have larger envelope volumes than

other types of reciprocating pumps. However, several pumps of this type

satisfy laboratory RO requirements as proper designs are available for high

pressure water service, materials problems are minimized by use of dia-

phragms, and reliability is high.

3. I. I. Z Axial-1~ston Pumps

Two principal types of axia|-piston pumps are commonly used in aircraft and

missile applications. In-line-type axial piston pumps (Figure 3-2) have the

cylinder axial centerlines positioned parallel to the axial centerline of the

power input shaft. The rotary motion of the input shaft is converted to recip-

rocating motion to drive the pistons by a wobble plate (swash plate). 

/

t

Figu~ 3-2. In.Llne, Check-Val~l, AxlaI-Pilton Pump



bent-axis type axial piston designs, the cylinder assembly is placed at an

angle to the drive shaft axLs and allowed to rotate with tho drive shaft (see

Figure 3-3).

Check valves are used In some pumps to permit only unidirectional flow to

the cylinder inlet and outlet ports. Check valves provide good sealing, are

rugged, and tolerate shock and vibration well. Rotary valve plates may also

be used to regulate the fluid flow.

Most aircraft pumps are axial-piston units of either the bent axis or in-line

design. Bent-axis pumps are normally slightly more efficient in operation,

but in-line designs are usually Ughter and slightly less expensive.

Aircraft pumps are usually required to operate for the period between

standard engine overhauls, usually S, 000 to 19,000 hours.

~10S

~
f DRIVE ~FT AXIS

~" VALVE PLATE
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3. I. I. 3 Radial Piston Pumps

In a radial piston pump the pletons are arranged radially, with their cylinder

long axes in a plane perpendicular to the drive shaft axis. Radial piston

pumps are available in both fled and variable delivery types.

There are two commonly us, d types of radial piston pumps. Check-valve

radial piston pumps have pistons driven by a rotating cam and use inlet and

outlet check valves to direct fluid flow (see Figure 3-4). Pintle valve pumps

have pistons attached to an outer circular reaction ring, which is mounted

eccentric to the cylinder block. The reaction ring and cylinder block rotate

together around a stationary plntle (see Figure 3-5).

Both check-valve and pintle-valve pumps may be designed for fixed or

variable flow.

3. l.Z Centrifugal Pumps

Centrifugal pumps are selected for most industrial liquid transfer jobs.

They have the advantages of simplicity, compactness, economy, reliability

ECCENTRIC -~

/ INLET AND OUTLET PORTS
CYLINDER BLOCK

F ORIVING SHAFT

~ PI$TON



Figure 13,E. Plnt~Val~ Type I~dld,.Plmn I~mp

and steady, nonpulsating flow. They are most efficient (up to 90 percent) 

low viscosity (below 1,000 centipoises) constant flow (over 100 gpm), low 

medium pressure (100 psi per pump stage) liquid transfer applications.

The specific speed. Ns, is a characteristic quantity of centrifugal pumps and

provides an indication of the best type of impeller to use and the efficiency

range to be expected. Specific speed, Ns, is expressed by the relation:

: H3/4

where:

N

O

H

: impeller speed, rpm

flow rate, gprn

= pump output pressure. ft of head

(1)



Note that the speclflc speed is not dimensionless but includes a conversion

fscl~ In~olving g. If ~p~cocr’.~ft Re pump conditions of N = i0,000 rpm,

Q = 0. 056 8pm and H ; 1740 ft ate asnumed and these values ,re inserted in

Equation (I), the resultant specific speed is Z4. 4. Centrifugal pump operation

is, for most designs, most advantageous at specific speedd per stage of 500

to 15, O00, and low specific speed Is an indicator that pump efficiency will

also be low. Thus centrlfugal pumps are not well suited for the low-flow,

hlgl~-pressure spacecraft Re application.

], I, 2. I Volute, Diffuser, and Propeller Centrifugal Pumps

The most commonly used types of centrifugal pumps include: volute pumps

(Figure 3-6), in which the liquid enters the impeller at its center and 

acceler,ted outward into a channel of increasing area (volute} by centrifugal

force imp~Lrted to it by the vanes; dlffuser-type pumps {Figure 3 -7), In which

stationary diffuser blades in the casing around the circumference direct the

output flow, and propeller pumps, which resemble a boat propeller encased

in a tube. Mixed flow pumps are also sometimes used: these pumps provide

FLUID OUTLET

_r’

FLUID INI.ET

w. -T em .l m

II



c~0s

FLUID OUTL|T

~
LLIR

output pressure polly by propeller action and p~rtiy by ceotr~gzl [orc~

developed in ¯ volute casing.

3.1. Z. Z Peripher¯l Centrifugal Pumps

The peripheral pump hae ¯ clrcuinr rotating impeller aomewl~t resembling ¯

turbine wheel andls someHmea called ¯ turbine pump. Peripheral pumps are

low volume, high head p,,,,,~e and have cluLrsctorfettce st,,,;inr to those of

positive dispincement p,,,,,pa (see FIl~re 3-8).

3. 1.2.3 Impellers, Multiple 8to|e-, ~nd Cent~l/upl l:~np Design

Impellers tot eentrifu|sl ~-~.~pe my be open (blades attached to hub), semi-

open (bindee attached perpendLcula, r to ¯ dLek), or closed (blades attached

bgtween ̄  dlJk and ¯ circular ehrmld). Open ¯nd e-.,,t-open impellers depend

on close tolezsncne between the coin(in ted the ;mpellere to achieve high

efflclenciee. Cloned ImpeIleve, I, rn more coetly to numufsctore but ¯re not on

susceptible to performance dqradatton due to wur.



Two or more centrifugal pumps ms), be combined on one shaft to produce

increased output pressures. Due to the hlgb-veloci heads between stages,

nmltlple-stage centrifugal pumps are more efficient than multiple slngle4tage

centrifugal pumps connected in series. A typical multistage centrifugal

pump is shown in Figure 3-9.

Pump manufacturers invest much time and money in optimizing centrifugal

pumps for operating efficiency. New designs must be theoretically analyzed

and then subjected to trial-and-error optimization test programs. ~-4sttng

designs may be scaled up or down, however, using pump similarity relation-

ships, and the efficiency of operation may be accurately estimated before

fabrication is started.

3.1.3 Vane Pumps

A vane pump consists of t slotted rotur which turns in an eccentric housing.

FigUre 3 -10 shows a typical vgne pump confll[ur&Uon. Vanes inserted into

the Slots la the rotur mtlatl[a contact with the housing I~d provide positive
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dl|pixcement p~mp~ng nellie. P~l~ee n~tchln44 lnlo th, elders ot the

housing provide pns*ngeJ (or Nuld inlet end outlet. Eftlcleneln, o( vine

~na,t,~i ire iooG. wit~ filed 4llptleoment vine pumps hivIn| eftl¢ien©les of

70 to 6S percent.

Fixed end vlriable displacement vine pumps are evailibln. Variable

dlepilcemsnt is achieved by varying the eccentricity o( the housinli to the

rotor. This may be achieved off various models by manual, pnsumitl¢ or

hydraulic means. Some variable displacement vane pumps ore designed to

provide automatic displacement variation by mean̄ o( output pressure control

of the housing eccentricity, Overlll ifld volumefltrl¢ efftclencioe of vlriabln

dteplicsmlnt vine pumps ire Lower than (or fixed cipicl W vane pumps, with

overall el’/icienciee in the rings o[ 70 to 80 percent.

Vines ire sealed igiln.t the housing either by ¢entrl[ugsl (errs, hydraulic

preeeurn, spring loading, or a combination o( method,. With proper vane

design It Is possible to combine low ,,tatting torque, I~ drag it working

rpm, and low elJppal~eo

IJ.uittpl* vine pumps rely be mountie; on a single driving shift and connected

hydraulically either in ,,cries or plrlllel.

Vine pumps ire easily maintained and some designs are provided with sully

replaceable cartridge,, which contain all working l~rts. As the vines wear

they merely move radially outward, providing eelt’-compsnsiUou (or wear.

Output o[ vane pumps is generally smoother than *kst of common gear or

p|st’~n pump-,.

In simple eccentric housing vane pumps the high pressure produced on the

discharge side of the rotor can create quite high bearin|.and slsadt loadlup.
Double eccentric or oval housing vane pumps have been produced which

eliminate this dieadvantlgn, but their configuration does not permit the incor-

poration of variable displacement [eaturol.



L I. 40txr P~ml~

DOSlLIve dlsDllcement Ixlm~il wills tlnv nu~v|n{ ~Irii. led el.? ,*,lillv ,.:.li_~.~.l

On fltlu~e Tither thin rebuilt, (FIEure)-I I illuitrltee I typical ;elr-.n-

gelr pump,) With proper inlet condit[o.i 6elr pumpl o[ lee0 thin i 6pm

cipicity have been desllnod to run at up to 10. 000 rlwn. Golf pump, roquire

cirel’.l deli|n And precision m&nu(icture to mlintoln the ¢Iosl [ntirn&l

¢lelrlnces required to h~td internli lelkiKe to the low levels required /or

e((icient operation, Bilrln 6loads miy be quite hiKh resultin 6 inhlih /fiction

lOSSeS.

The three commonly used type0 o(6elr pumps ire geur-nn-gear0 gelr-ln-

gilt. end &xil[ flow.

5.1.4.1 Geir-on-Geir

Gelr-on-l[eir pumps carry the working fluid (tom inlet port to outlet port

between Bear teeth lnd housin6. The fluid bein{~ pumped may exert high (orces

on gelr teeth, belrlnlZs, and hou.inlC: end 6care must be precision machined end

J

F~um a.11. T~k~ Ow P.m
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Helical gear pumps opor-te more smoothly than spur sear pumps end produce

an output with reduced preselzre pulsations, Offsetting these advan~ges are

the increased cost of the helical gears and the fact that end thrust is developed

by the gears.

Three-gear pumps are available which provide almost twice the flow of

conventional two-gear gear-on-gear pumps with a small weight and volume

increase,

3. 1.4. Z Gear-in-Gear Pumps

Gear-in-gear pumps usually employ straight out gears with mudified tooth

forms, in crescent-gear pumps a small inner gear runs in the internal teeth

of a larger outer gear. Both gears turn in the same direction and fluid is

carried from the inlet port to the outlet port sealed between the tips of the

gear teeth and a stationary crescent shaped separator (Figure 3-iS). The

crescent gear pump is quiet in operation but is usually of low efficiency due

to the difficult,/ in maintaining the close gear-tooth-to-crescent tolerances

required.

The Gerotor pump is a gear-in-gear pump whic~ is designed to eliminate the

requirement for a crescent spacer. In this design the inner gear has one

fewer tooth th~n the outer gear, so that with the teeth In mesh on one side of

the outer gear, the tooth tips st the two gears Just clear on the opposite side

(Figure 3-13).

3. 1.4. ) Axial Flow Gear Pump

An axial flow pump consists or ¯ housing containing a pair of rotating meshing

rotating screws. Usually called screw pmnpe, these pumps provide quiet,

nonpuieatLng flow and are very quiet in operation. Several unfavorable

characteristics limit their use: the contact conditions are unfavorable for

sealing, the screws must be st at least one toll turn in length, the casing

17
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Figure 3.12. Gmr.ln.Gear Pump {With S~parmtor)

,, .-,. ~...........-:::..:..
.-:::..:.-.:.:

Figure 3.13, Gmr-ln-Gwr Pump {Without Sepm’stoc)
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must be a precision fit around the gears, and the gears generate high thrust

loads. Also, screw pump effieiencles are usually low compared to other

positive displacement pumps. Figure3 -14 illustrates the principle of opera-

tion ota typical screw pump.

3, 2 RESULTS OF PUMP AVAILABIliTY SURVEY

A survey was conducted to compile a list of vendors who had off-the’shelf

pumps of the type reqmred for 110 use. This study was carried out by

reviewing MDAC vendor information files (which contain up-to-date microfilm

records of most vendor catalogs), by interviewlng personnel presently engaged

in RO research at seven different companies and government organizations,

and by reviewing vendor advertisements in engineering and research and

development publications.

Using preliminary B.O unit design dat~, compiled in the early stages of the I~O

unit definition study portion of this contract, preliminary B.O pump require-

meots were formulated. A form letter was composed for transmittal to the

FLUID OUTLET

SEALING
~-~$URFACE

FLUID INLET

CR105

Figure 3-14. Two.Rotor Saw Pump
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potential vendors, outlining the application of the desired pump (see

Appendix A). A copy of this letter was snnt to the 64 pump manufacturers and

sales representatives listed in Appendix B. Most purn~ manufacturers had

several lines of pumps and most sales representatives represented more than

one manufacturer, thus the total number of pumps considered was greater

thau 100.

A total of 48 responses to the form letter were received; ten vendors

responded positively with information ori 15 recommended pumps. Of the

i5 recommended pumps, 7 were eliminated as grossly unsuited for the

intended application on the basis o£ the information submitted with the vendor

responses. The remaining pumps were evaluated by the procedure outlined

in Section 3.3 of this report. Most available pumps meeting the requirements

specified were designed as injection pumps for use in the chemical, petroleum,

or water utility fields. As a consequence they tended to be designed for

reliable, long-life oper~.tlon using commercial alternating current motors and

simple proven mechanisms," but having relatively large weights and envelope

volumes.

3. 3 PUMP SELECTION CRITERIA

The selection criteria and methods used for test pump selection are outlined

in the following sections.

*ii

I/

i

3. 3.1 ..Method

In order to select the pumps to be tested a matrix of selection criteria was

developed and weighted to provide numerical comparison. Three members of

the MDAC Biotechnology DeparL,L~ent engineering staff with a cumulative total

of over 40 years of pertinent mechanical engineering .eXperience were

selected to review the technical data sheets provided by’the pump vendors and

make ratings ~,f the candidate pumps. Rating categories included not only

items cove1’~ng the suitability of the pumps for prototype laboratory I~.0 sys-

tems, but i~erns which evaluated the’design of the pumps for suitability to

s pac ec raft applications.
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3. 3.2 List of Rattn~ Categories and WeiBhtin ~ Factors

A list of categories in which the candidate pumps were rated is shown in

Table 3-1. From zero to 10 points were assigned in each of the 20 categories

for each l~trnp by the evaluators. Ten points represented the best score

which could be assigned in any category. To insure that the rating categories

deemed most important in the selection of/~lrnps for the laboratory punlp

evaluation test had the most influence on the selection ,orocess, weighting

factors were assigned each category. The value of the weighting factors

ranged from 2 to 10, with 10 representing the category thought most impor-

tant in the selection. Weighting factors are also listed in Table 3-1.

The number of points awarded to each pump in each category by the evaluators

was multiplied by the appropriate weighting factor to produce an adjusted

point score in each of the 20 categories for the individual pumps. The

adjusted point scores in the 20 categories were then summed to obtain an

overall adjusted point score for each pump.

3.3.3 llesults of Pump Ranking

A summary of the results of the pump ranking is presented in Table 3-2. In

addition to the overall adjusted point total awarded to each pump, the pump

type, power requirements, envelope size (smallest right rectangular prism

with which the pump and motor may be enclosed), and weight are presented

in Table 3-2. The detailed pun~p rating results are presented in Table 3-3.

3.4 PUMP PROCUREMENT

Based on the results of the pump ranking study, the four highest rated pumps

(Precision Control Products 1971-121, Milton Roy ~RI41A-72, l~skel MS-12,

and BIF 1731-12-9511) were ordered for integration into the pump evaluation

test stand. The selected test pumps arc shown in Figure 3-15. A brief

description of the features of each of these pumps is ~Iven in the following

paragraphs.

The Precision Control Products 1971-121 pump is an electric-motor-driven

¯ type which uses a mechanically driven Hypalon diaphragm to displace the fluid

being pumped. Inlet and outlet stainless steel check valves with double Teflon

O-ring seats provide directional control of the fluid glow. This unit has a dry
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Item

I.

2.

3.

4.

5.

6.

°

9.

10.

11.

IX.

14.

15.

16,

17.

18.

19.

20.

Table 3-1

RATING CATEGOPr~..~ AND WEIGHTING FACTORS

Weighting
Category Facto r

Compatibility of Component Materials (10 co,~atible-- 10
0 unsuitable)

Simplicity of Design (10 simple--0 complex) . ?

Amount and Simplicity of Support Equipment Required 8
and Interface Simplicity (19 little, si~-,ple--
0 much, co,,,~lex)

Weight (I0 light--0 heavy) 8

Envelope Volume (10 small--O large) ?

Estimated Maintainability (I0 easily repaired-- 7
0 repaired "with difficulty)

Service Requirements (Spares and Expendables Required 7
and Service Interval) (I0 low, infreouent--0 high,
frequent)

Uniformity of Output Pressure (10 uniform--0 severe 7
surges)

Estimated Life (I0 long--0 short) 7

Adaptability to Spacecraft Use ( I0 easily adaptable-- 6
0 difficult to adapt)

Compatibility with Basic Desi~ of RO Unit 6
(10 compatible-0 inco~q~atible)

Input Power Requirements (10 low--0 high) 5

Efficiency at Maxls,,um Rated Pressure (Overall) 5
(I0 high--0 low)

Potential for Power Reduction (10 excellent--0 poor) 3

Potential for Weight Reduction (I0 excellent--0 poor) 3

Potential for Size Reduction (10 excellent--0 poor) 2

Potential for Quiet Operation (I0 excellent--0 poor) 2

Potential for increased Flow and Pressure with ~_sting 2
Design (I0 excellent--O poor) .,

Availability (I0 standard design--O unproven special) 2

Cost ( I0 low-O high) 2



Table 3-2

SUMMARY RESULTS OF PUMP RANKING



Table 3-3

DETAILED PUMP RATING R.ESULTS
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wel|ht of’ 47 po01-as _..a an ~i votume of 701 in. 3 Speed reduction is
accomplished by means of an oil ts~th mvefe~ ~Lvc~ T~!~ ~’~.~’~ ie St ~c

recent design and is equipped with corrosion-reglstant exterior components

(with the exception st the drive motor). Pump outp,,~ Is not continuous and

pressure pulsations require external suppression for It@ applications.

The Milton Roy FRL4LA-?2 uses a worm reduction seer driven eccentric to

drive a hydraulic plunker. The hydraulic oil pressure developed actuates a

flexible Teflon diaphrag~ to transmit energy to the pumped fluid. The reduc-

tion gears and mechanism are oil bath lubricated. Double ball check valves

are used on the suction and discharge lines. An oil bypass port allows the

adJulr.,seot of output flow volume while the pump Is operating. Welgbtof the
pump and motor combination is 117 lb, actual volume is 73S in. 3. Pump

output pressure varies in a alnusoidai manner, and external pulsation

dampening [e required for 1~.0 application.

The Haskei MS-I2 pump is an air driven pump which uses a large urea air

side piston to drive a smaller direct connected liquid end piston. The pump

automatically reciprocates by the action of a pilot operated selector valve and

return spring, and ceases pumping (with no sir consumption) when the desired

pressure has been reached. The air cylinder Ie impregnated with molybdenum

disulphide and no air line lubrication Ie required. The pump has the din-

advantages of requiring regulated compressed gas and of e~h-ueting this gas at

full input pressure. The pump Is quite compact, welshing only ? lb and

occupying an actual vo~.~e of only 55.4 in. 3 Outp~ pressure is easily

controlled by varyinE input air supply, and the control system of an RO unit

may be simplified with this ~pe of pump. For KS use, output pressure surge

control is required.

The BIF Model 1731-1Z-9511 l~mp hale wetted parts constructed of 316 CI~.ES,

with a Hypaiou diaphragm. The pump in elastic motor driven through an oil

bath lubricated wo,-,u gear speed reducer, Output of the speed reducer drives

an eccentz "c which in turn drives ¯ plunger wktch p~caeuriaes hydraulic fluid

and expands the tubular diaphragm. The exterior of the tubular diaphragm is

in contact ~lth the fluid being m,,~d and ¯s the diaphrsj.,, expands, the

working fluid is forced throulh the ontiet check valve. A slide valve in the
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hydrsullc fluid chamber &llowe preotse ~Jutmesst of pump stroke capacity,

The BIF pomp has ¯ Wsilht of 1|0 lb, sod occupies ¯n satual volume of

9%0 in. $. Output prelauFe pules suppression 18 required for KO use.

The Milton U.ny nnd BIF pumps art, as a consequence of their ori|inAl intended

use, relsUvely henry end hsvt consldtreblt bulk. The Precision Control

Products pump Is lijhtor and mort coral:aCt, nlthoulh its wsllht and bulk ¯re

much 8rester than comp&rsblt capacity pumps dsstsnod for ¯lrcrsft end

missile service. All throe of those pumps moot the requirements for use in

s small-c&pscity laboretory Re systenv:, but oil wold require extensive

redosizn for space spplicetion. Such lectors as list, weiaht, imput power

~pe, end lubrlcetion system dtslau would require modiflcstion.

The Htskel pump is very’comp4ct and lizht, end its use allows RO unit control

system simplicity. However, its use on n space mLsslon is dependent on the

inclusion in the vehicle of a pressurized See system which could be used to

power the pump. Althoulrh the electrical power cost to compress ijss for use

by this type of pump Is conaLderably greater than the electrical power cost

for ¯ well desijned electricelly driven pump, the ewe of control end simplicity

of desizo of the pamunstic pump wnrr¯nts on evllulttton of its performance in

this study,

f

/
/
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bction 4

REYERSE OBM081S PUMP TEST

The four candidate Re pumps, which were selected for testing in Section 3,

wore integrated into a pump test stand end evaluated during a 30-day test.

The pump test stand permitted the simultaneous tasting of the four candidate

RO pumps under simulated wash water reclamation system condiUons. The

test stand design incorporated automatic control and fall-eat- features which

permitted around-the-clock tasting with minimum attention. The Re pumps

and associated controls were contained in an 8 by 5-1/2 by 2-1/2 ft test

console.

4. i TEST STAND DESCRIPTION

The Re pump test stand is shown in Figures 4-1 and 4-Z. In operation, wash

water was supplied at approximately 105"F and 15 pair to each pump after

being processed throoEh a 0.45~ filter. The wash water then entered the

four candidate pumps which were installed in parallel. The following nomen-

clature was established for each candidate pump: Milton Roy--Pi: BIF-P2;

PCP-’P3; and Hssknl-P4. The identification number used for a pump was also

used throushout that pump’s loop to identify its metering reservoir, flow

orifice, accumulator, and flow control valve.

The three electrically driven pumps were controlled by pressure switches

which permitted each pump to cycle in a preset pressure range. The Milton

Roy and BIF pumps (1:)1 and P2) operated between 750 and 800 psig and 

Precision Control Products pump (P3) operated between 550 and 600 pals.

The air drive Hsskel pump (P4) outlet water pressure was controlled 

approximately 800 peiz by the resuietud plant air supply.

Th~ desisn flow rate of 0.56 8pm for each pump was controlled by s fixed

flow orifice and an adjustable meter4,,m valve connected in series. The

orifice and mebsrina valve were sized to permit eL, doom flows of 0.098 spm

5e
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At 800 pAIK end 0.085 gpm at 600 petit. The flaworlftce wai a Vlaco Jet,

manufactured by the Lee Company, Westbrnok, Connecticut. This unique

than was pos.ible with a single metering t)rtfice, thereby mintmzing the

possibility ur clogging the flow passage.

Transfer of the wash water back to the storage tank was accomplished by

identical controls in each parallel test loop. After passing through the flow

orifice and metering valve, the wash water flowed Into a metering reservoir.

Four metering reservoirswereprovldod, one for each pump being evaluated.

When a reaervolr was filled, the high neat switch in that reservoir actuated

to close the Inlet solenoid valve, open the outlet solenoid valve, and start the

recirculation pump, which transferred the wash water back to the storage tank

from the reiervoir. A low-level float switch was located in the reservoir at

a calibrated increment of I gallon from the high float switch petition. Actua-

tion of the low-level float switch closed the outlet solenoid, deactivated the

recirculation pump, and opened the inlet solenoid permitting the reservoir to

be filled. The recirculation pump and the four metering reservoir controls

were interlocked to permit only one motoring reservoir pump-out cycle

at a time. Thus each cycle rel~resented the transfer of I gallon of water.

Automatic fail-safe features were provided to protect the test pumps. Over-

pressure protection was provided by high-pressure switches and backup

relief valves in each test loop. An overpreasure condition in a test loop shut

down only the pump affected, the remaining three pumps continued operating.

An underpreaiurc failure caused by Iota of water actuated a low-pressure

switch at the pump inlets, which shut off all pumps to prevent pump damage.

4. Z INSTRUMENTATION

The pump test stand was fully instrumented to provide data on performance

p~rarneteri and power consumption of each teat pump. The Ioc~tion of prea-’

sure and temperature instrumentation is shown in Fisure 4- I.



Flow mu|urement was F4corded for each pump by individual cycle counters

flow for all four pumps was also recorded by a counter which totaled all

recirculation pump cycles.

Average power consumption for the electr ical pumps was determined by

recording the total watt-hours end elapsed time of operation for each pump.

The power consumption for the Haskel air-driven pump was determined by

recording the total air usage, the inlet air pressure, and the pump duty cycle.

A list of the instrumentation for the test stand is shown in Table 4-I. The

complete instrumentation and frequency of data recording is defined in th~

Tent Plan (Appendix C).

Table 4- I

INSTRUMENTATION LIST

Parameter Instrument Quantity Location

Temperature Thermocouple 13

Pressure Gages 8

RO pump flow Cycle counter 4

Total flow Cycle counter 1

Pump power Watt-hour meter 5

Heater power Watt-hour meter I

Duty cycle Cycle counter 4

Operating time Elapsed time 4
recorder

Air usage

Times of ptunp
operation

Times of reservoir
operation

*See Figure 4-I

Wet test meter

Stripchar t recorder

Stripchar t recorder

.

4

4

Metering reservoirs

Recirculation pump

Electrically driven RO
pumps

Storage tank

RO pumps

Electrica11y driven RO
pumps and recirculation
pump

Haekel pump

RO pumps

Metering reservoirs



4.3 TEST PROCEDURE

After assembly of the test stand and the installation of the four candidate RO

pumps, the test stand checkout and the pump test was conducted by the pro-

cedure outlined in the following paragraphs. The detail test procedure is

described in the Test Plan (Appendix C).

4.3. I Pretest Checkout
m,

After assembly and electrical checkout, the test stand was filled with dis-

tilled water and operated at ambient temperature for I day. During this

checkout the pump pressure control switches were adjusted to provide the

desired operating pressure range and the reservoir float switches were set

at approximately I gallon for each reservoir purnpout cycle, The actual

calibration for each reservoir was:

Reservoir No. i (Pl) 0.97Z gal/reservoir cycle

Reservoir No, 2 (P2) I. 0Z0 gal/reservoir cycle

Reservoir No, 3 (P3) 1.001 gal/reservolr cycle

Reservoir No. 4 (P4) I. 001 gal/reservoir cycle

After adjustments at ambient temperature, the storage tank, inlet filter, and

reservoir heaters were activated to provide approximately 165°F at each

pump inlet. The system performance was evaluated at temperature for an

additional day. Prior to shutdown, a baseline water sample was taken from

the system for chemical analysis.

The distilled water was drained from the test stand, the 0.45~ inlet filter

element was’~replaced, and the system was ~efilled with wash water. After

stabilizing at the test temperature and pressure conditions, the test stand

was operated for I day to permit final adjustment and checkout of the test

pumps, instrumentation, and the test stand peripheral equipment. Each test

pump flow rate was adjusted ~o approximately the 0.0"56-gpm test flow require-

ment in accordance vendor in~ormatlon as follows:

Milton Roy (Pl): Capacity Control = 72 percent of maximum

BIF (P2): Capacity Control = 68.33 percent of maximum

PCP (P3): Capacity Control = 48 p.ercent of maximum

I-Iaskel (P4): Adjust air pressure and flow control valve to obtain 

pumping cycle rate of 35. g strokes/minute.
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Prior to the completion of the checkout test with wash water, a water sample

was taken from the storage tank for chemical analysis.

4.3.2 30-Day Test

After completion of the system checkout, the initial load of wash water was

drained from the systems the 0.45~ inlet filter element was replaced, and

the system was refilled with 90.5 lb of simulated spacecraft wash water. The

composition of this wash water is described in the Test Plan (Appendix C).

In addition, the test plan describes the instrument4~tion, operating procedures,

frequency of data collection~ and chemical analysis required for this test.

Each of the four candidate RO pumps was scheduled to operate for 30 days

(TZO hour’s) under simulated spacecraf’; RO water recovery system conditions.

Test time lost due to failures of peripheral test equipment was not counted

as pump testing time and was made up. However, time lost due to pump

failure was subtracted from the pump test period.

4.4 TEST RESULTS

The RO.pump evaluation test was initiated at 1534 on April 6, 1973 and con-

cluded at 16Z0 on May g, 1973 for a total test duration of 768. 8 hours. Of the

four candidate RO pumps testedp only the Milton Roy (Pl) and the BIF (PZ)

pumps successfully completed the required minimum of 720 hours of opera-

tion without pump malfunction. The PCP (P3) and Haskel (P4) pumps experi-

enced many malfunctions and accumulated only 675.93 and 321.55 hours of

normal operations respectively. A detailed discussion of the performance

of the four candidate RO pumps and the test stand is contained in the following

paragraphs.’

4.4. i System Operation

A summary of the RO pump test operation is shown In Figure 4-3. The signi-

ficant events which caused pump and/or test stand downtime are indicated by

numbers in Figure 4-3 and are summarized in Table 4-2, A detail log of all

significant events during the 30-day test is contained in Appendix D.
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Table 4-2

Event No. (See Figure 4-3)
m,

Pump Facility Pump end
Mai - Mal - Facility

function function Maintenance

(z)

{3)

(4}

(5l

(6)

(7)

(10)

(8}

(9)

(II)

~|niflcant Event

P3 outlet valve O-rlni failed on day | and
was replaced on day Z.

P4 shutdown on day Z due to 900-psig
overpressure condition with a facility sir
preesureof 85 psig. Facility sir pressure
was reduced to 80 psig which prevented
overpressure shutdown, but the design
water flow could not be achieved at this air
pressure.

PI shutdown on day 3 due to a blown fuse
which was replaced.

Test stand was shutdown on day 4 to
install ¯ hi¯h-pressure control pressure
switch for P4. This pro ¯sure switch
limited the water outlet pressure to
840 psiil with a facility air pressure
|rester than 80 pale.

P4 would not start normally after teat
stand shutdown and required a Jolt from a
hammer before start4ng.

The Re pumps were shutdown on day 5 by
a malfunction of a recirculatlon pump con-
trol relay. Problem corrected by adjust-
ment of the power supply volt¯so.

P3 outlet valve O-rin8 failed again on
day S and wee replaced (Ref: Item No. 1).

Tees stand was shutdown on day 5 to
replace ¯ clogged Visco Jet and malfunc-
tioning solenoid valve in the Pl system.

Test stand wee shutdown on day 6 to
replace the inlet hirer element.

P4 would not start normally ¯fter test
stand shutdown and required ¯ Jolt from a
a hammer before starH-$.

P3 outlet vul~e O-r4..e failed again on day
7 (Ref: Item,, No. 1 and 7).. A smaller
cross-sectional ¯re¯ O-ring was installed.
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Table 4-2 (Pale 2 of 3)

SUMMARY OF RO PUMP TF~JT 81ONIFICANT EVENTS

Event No. (See Ft|urs 4-3)

Pump F&clUty Pump and
~1- Msl- Facility

funcUon function Maintenance

(13)

(12)

(14)

(15)

(16)

(17)

(18)

(19)

~zo)

(Zl)

(zz)

(z~)

(z4)

Sl|nUlcant Event

P2 shut down on day 8 to replace a
clolsed Visco Jet.

P4 failed on day 9. Pump was completely
rebuilt end returned to operation on day 12.

A pressure snubber was installed on the
PI system hi|h-pressure control switch
on day 11 to minimize pressure surzes.

The pressure snubber installed in (14)
above 1as replaced on day 12 with a
heavier unit to eliminate the surses.

P4 pump cycle counter failed and was
replaced on day 12.

PI shut down on day 13 to replace a
clo|8ed Yfsco Jet eases (Kerr Item No. 8).

P2 shutdown on day 13 to change oil at
240 hours per vst.dor’s recommendation.

P4 latied on day 18. This failure was
considered flea1.

Test stand shutdown on day 19 due to a
complete loss of water causes by 8 rup-
tured pressure switch in the PI system.
The foiled pressure switch wan replaced.

1°3 accumulator bladder was found to have
failed after test stand restart. Thd failed
polyurethane bladder was replaced ~vith a
BunA-N unit.

Tilt stand shutdown to add additional
wnt@r.

PI shutdown on day 21 due to 900-pole
over-pressure condition. Detarmi,,-d to
have been caused by drlfthq of setting on
new pressure switch (installed on day 19)
which was reset on day 22.

PI accumulator bladder wan found to have
failed on day 2Z. Since sp~res were not
available, the accumulator from the P4
system was installed. The Visco Jet and



Event No. (See Figure 4-3)

Pump Facility Pump and
Mal- Me|- Facility

function function Maintenance

(ZS)

(Zg)

(30). (31)
and (32)

(33)

(34)

m|~t~cant Event

msterin| vsl.,’e were found to be clogged
with pisces of the failed bladder and were
replaced.

PI pressure switch (Ref: Item No. Z3)malo
functioned seats and was repiecod.

P2 accumulator bladder and Vises Jet were
replaced on day Z6 as a precautionary
mueure. New uturi! rubber bladders
had been obtained to replace the failing
polyurethane bladders.

PI accumulator bladder (P4 accumulator
installed on day 22) end Visco Jet were
replaced on d&y 27 as a precauflonery
m~euro. A natural rubber bladder was
installed.

P3 shut down on day 30 due to 700-1)818
over-pressure condlUon. The high-
pressure switch had drifted to 640 psig
and was reset to 600 psi8 on day 32.

P3 shut down on day 33 due to 700-pals
over-pressure condition. S~nce the pres-
sure indication was only 600 peig, a pump
pressure surge problem was suspected.

P3 was shut down for inspection and eval-
uation three times in an attempt to deter-
mine the cause of the pressure surge.

P3 was shut down to permit calibration of
the outlet pressure treneducer in order to
record the suspected pressure surges on
an oldllltcope.

P3 was shut down and considered failed
when the oecilliscope traces revealed large
pressure spikes (100 to 1,200 peig) st the
outlet, m~ce Pl and PZ had completed the
roqulrnd "720 hours on day 32. the test was
tezqnlnsted.

9 Total maintenJtnco ltoms.
13 Total facility malfunctions.
12 Total pump malfunctions (8 on 1=3; 4 on P4).
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As sh~wa in Figure 4-3 and dufln~l in Table 4-Z, there were a total nf

34 events which caused pump and/or test stand shutdown. Of those events:

? were classified as pump and test stand maintenance Items, which were

required fur the normal operation of the test; 13 wore classified as facility

malfunctions of peripheral equipment; and IZ were classified as actual Re

pump malfunctions. Pump operation time lost due to maintenance and facility

malfunctions was not counted as pump test time, and was m,,de up, which

accounted for the fact that the PI and P2 pumps did not accumulate 720 hours

until day 3Z. Operation lime lost due to pump malfunctions was subtracted

from the pump test period per the test plan. Therefore. P3 and P4 only

accumulated b75.93 and 321.55 hours respectively prio:, to final failure. The

P3 and I)4 malfunctions are discussed in detail in SectS,in 4.4. Z. However,

it should be noted that some of the long intervals of downtime due to either

facility or pump malfunctions, noted in Figure 4-3, were-because the test

stand was designed for automatic shutdown in the event of a facility or pump

malfunction and Z4-hour engineering or technician coverage was not required.

Whenever a failure occurred during an "off-shift" period, corrections were

not initiated until the next scheduled observation period.

The majority of the facility malfunctions noted in Table 4-2 were minor and

the automatic fail-safe featurec of the control prevented damage to the test

pumps. The most significant facility malfunct:ons occurred on day 19 when

a pressure switch failure caused the loss of all wash water from the stand.

The automatic low-pressure shutdown control functioned correctly and pre-

vented pump damage duo to the loss uf water at the pump inlets. After the

pressure switch was replaced and the system refilled with water, it was

discovered that the accumulator bladder for 1)3 had also failed. Investigation

revealed that the rubber bladder was deteriorating and particles of rubber

were clogging the Visco Jet flow orifices. The P3 system was cleaned, the

Vico Jet replaced, and a spare accumulator installed.

Subsequent investigation of this bladder failure revealed that the four accumu-

lators delivered for this teat utilised bladders fabrlc~tod from polyurethane

rubber which was recommended for the service by the manufacturer,

Von Manufacturing Co., Inc., Los Angeles, California. This type of elas-

tomer, sometimes referred to as urethane rather ~hsn polyurethane, is



fo,,’.ed through the reaction product of a diieocyAnata and a polynthcr or

type. Both types generally exhibit the same physical properties.
/

A literature search on the suitability of urethane elastometers ior water

service revealed several inconsistencies. Reference 8 indicates that urethane

elastometere exhibit little or no effect at 21Z’F.whe’n exposed to water. How-

over, References 9 and 10 state that urethane elaetomers are not recommen-

ded for water service. Nevertheless, the observed results of the test

indicated that urcthane rubber was not suitable and therefore all accumulator

bladders should be replaced.

An attempt was made to contact the Von Manufacturing Co. to obtain addi~inn~il

information and a substitute bladder material. However, this company had

experienced financial difficulties and after January 1973~ when the four accu=

mulatore were delivered, they had gone out of business. After further inves-

tigations, a distributor was located who had handled Von accumulators. He

reported that prior to 197Z the bladders had been constructed with Buna=N

rubber which was satisfactory for water service. However, Buna-N bladders

were no longer available except on special order from a local rubber product

manufacturer. Fortunately the spare accumulator, installed in the P3 system

on day 19, was manufactured in 1970 and did contain a Buna-N bladder.

Since Buna-N bladders could not be obtained in time to complete the test with-

in schedule, a search was initiated to obtain an acceptable substitute for the

remaining two accumulators. Bladder material of natural rubber was obtained

and installed in the PZ and Pl accumulators on days Z6 and Z7 respectively.

Since P4 bad failed on day 18 ending its test, accumulator No. 4 was not

r~paired.

This facility malfunction illustrates the importance of system testing under

actual design conditions, since vendor teat data can be subject to incorrect

interpretation. Although Reference 8 indicated that urethane elastomers were

acceptable for water service at ZlZ’F, the authors did caution the reader that

the data were compiled from many sources and some data were not consistent

due to the wide disparity in the types of test used by investigators and the lack



of sufficient information on test conditions. Further, the authors 0£

Reference 8 advised that, "If you’re not familiar with the behavior of a

material in a certain environment, run a laboratory test, then confirm it

under service conditions. It could save you a lot of headaches later. "

The results of the chemical analysis of the wash water, both for checkout and

the 30-day test, are shown in Figures 4-4, 4-5, and 4-6 and in Table 4-3.

The frequency of collection and the method of analysis is described in detail

in the Test Plan (Appendix C).

In addition to the pH and conductivity analysis shown in Figures 4-4 and 4-5

for the distilled water checkout, the following baseline analysis was also

performed:

TOC = 23 PPM

Petroleum Ether Extract = ~0. 0003 percent

This additional analysis was performed to assure that hydraulic oil had not

been introduced into the system by the pumps. These results indicated that

a very clean system was achieved prior to the start of the test.

4.4. 2 Pump Performance Evaluation

A summary of the temperature and pressure data obtained within the test stand

¯ during the test is shown in Figure 4-7. The data on this figure were obtained

from all data recorded during the Lest and show that, except for a few minor

exclusions, the pump test requirements were maintained in accordance with

the test plan. The temperature requirement at the pump inlets was 165°F and

the average temperature was 167.4°F. The Pl, PZ, and P4 pumps were

required to operate between 750 and 800 psig and the P3 pump was required

to operate at 550 to 600 psig. The average pressures were: 775 psig for Pl;

773 psig for P2; 590 paig for 1°3; and 752 paig for P4.

The results of the RO pump test are summarized in Table 4-4. This summary

includes all significant data recorded from the stripchart recorder, counters,

elapsed time recorders, and watt-hour meters. From these data the pump

flows, power requirements, and efficiencies were computed and are included

in Table 4-4.
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AnMysis

TOC (rag/l)

Specific Conductivity
(Fmho/cm)

pH

Ammonia (rag/i)

Turbidity (ppm SiO2)
Color 0Pt-Co Unitl)

Foaming (in.)

Odor

TDS (100"F) (rag/t)

TDS (180"C} (ms/l)

Urea (rag/i)

Lactic Acid (rag/l)

NaCt (rag/i)

Sodium (Na) (rag/i)

Potassium (K) (rag/i)

Calcium (Ca) (mglt)

Iron (Fe) (rag/f)

Magnesium (Mg) (rag11)

Chromium (Cr) (mglt)

Table 4-3

Re PUMP ~b~ CHEMICAL DATA

4-5-75 4-6-73
Check- Start-

out up

Date s

4.L0-75 4-25-73 5.3-73 5-8-73

320 200 480 Z40 340 390

375 580 760 325 770 030

7.1 4.7

0.29 0.67

142 35

Colloid Colloid

2-112 3

Musty Musty
Rubber R~hher

775 775

525 521

0.0 1.97

0.7 1.3

200 380

50 87.5

18.8 50.0

5.4 5.6

0.50 O. 10

o. 62 o. 56

-0.06 -0.02

8.0 7.5 7.5 7.8

0.44 0.37 0.30 0.37

9 20 4 4

BLue* Blue* Blue* Blue*

Hue Hue Hue Hue

5-1/2 2-1/2 4-1/2 5

Musty Musty Musty Musty.
Rubber Rubber Rubber Rubber

1,265 635 1,215 1,275

640 533 644 688

2,0 1.9 Z.l 2.0

24.2 23.6 22.3 38,0

200 200 200 200

85.5 40.0 93.0 102.0

36.5 12.5 38. 8 48.5

2.9 1.5 3.1 2.9

0.4 <0.2 <0.2 <O.Z

0.88 0.54 0.81 0.85

<0.04 <0.02 <0.03 <0.03

*As compared to (Pt-Co) Standards
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Table 4-4

SUMMARY O~’ RO PUMP T~-~-T RE-SULT~

P I PZ P3 P4
Milton Roy BIF PCP l-laskel

Reservoir Cycles 2265

Pump Cycles 24, 718

Pump-On Time (hr} 542.94

Power Consumed by Pump (kwh} 143.3

Average Input Power (kw) O. 2639

Average Input Power (hp} 0. 3539

Total Water Pumped fib) 18, 278.55

(gad 2, 202.23

Average Time per Pump Cycle
(minutes/cycle) I. 32

Total Operating Time (hr) 699.08

No flow due to pumpout of
other reservoirs by reclrcula-
tion pump (hr) 30.58

Total Adjusted Operating Time (hr) 668.50

Average System Flow Rate
fib/rain) 0. 456

Average System Flow Rate
(gal/mln) .0549

Average Pump Operating Press.
(psig) 775

Average Pump Flow Rate
fib/rain) 0. 5611

Average Output Power (hp) 0.0304

Overall Effif,/~ncy (percent) 8. 59

Motor Efficiency (percent) 23.5

Speed Reducer Efficiency
(percent) 85

Pump Efficiency (percent) 43.0

2299 2122 776

13,639 23, 885 928, 115

600.58 386.90 321.55

178.5 91.0 ---

0. 2972 O. 2352 ---

0.3985 0.3154 0.4296*

19, 472.53 17, 633.82 6, 448.56

2, 346,09 2, 124.56 776.93

2.64 0.97 .01667

711.58 639.28 294.23.

31.04 28.65 10.48

680.54 610.63 283.75

0.477 0.481 0.378

.0575 .0580 .0456

773 590 752

0.5404 0.7596 0.3342

0.0292 0.0311 0.01758

7.33 9.86 4.09

45.5 48.8 NA**

71 65 NA

22.7 31. I NA

*Assuming a 25 percent air compressor efficiency
**Not applicable



T,~ ~z-~ i,,),.~ p~,we~ ~able 4-4~/’or the tht.ee electrically driven pumps

was calculated /t.om the individual eZ¯psed time t.ecorders ¯nd w¯tt-hout.

meter= is follows:

p’,,or consumedAvataRs input Power (kw) ¯ pump-on rime (hr}

The ¯ver¯ge input power (or the alr-drlven pump was calculated from the

total ¯Jr usage, the inlet air pressure, ¯rid the pump duty cycle deta recorded

durlnRthe test. From these data it was determined thatthe aver¯ge ¯it" utago

w¯s 0. 0525 standard ft3/mln and the ¯veraBe pump inlet ¯It pressure was

88 psig. The theoretical power requirementa for the ¯Jr-driven Haskel pump

were c¯Icul¯ted from the following t.elaUonshlp:

whore

P’ : theoretical input power, hp

k = ratio of specific he¯ts for ¯Jr = 1.4

Pl
: ¯mbient air pressure = 14.7 pii¯

P2 : aver¯Ke pump inlet air prtssure, psi¯

vI = ¯ver¯ge air us¯ge, stand¯rd ft3/mln

Since:

PZ = 88 + 14.7 = 10Z. 7 psi¯

v i : 0.64ZSft3/mln

P’ = 0. 1074 hp

In order to make ̄  v¯lid comparison wlth the electrically drLven pumps, the

electric¯l horsepower required to drive an air compressor must be calculated.

Assuming an air compressor/motor combined efficiency of 0. :’S {Reference II),

M

l



L~.~ Lctui~ input power may be calculated:

O. 1074
Actual Input Power = ~ ¯ 0.4~96 hp

The teal system operating ttn~s for each pump was adjusted to compensate

for the fact that a reservoir cycle of any pump would shut off flow at Lll

pump~. Sin~e an actual Re water recovery syetGm would contain only one

pump, the time required to pump out the other three pump reservoirs was

subtrarted from the total operetin| t/me of each pump. The total operating

time was obtained from the test log and the time for reservoir cycles was

obtained from the etripchart recorder. The average system/’low rate was

calculated from the total water pumped and the adjusted pump operating time.

Since each pump cycled on and off between the preset operating pressures, the

pump duty cycle time was lees than the total operating time and the average

pump flow rate wee greater thin the system flow rote. Tide average pump

/’low rate and the average pump operating pressure were used to compute the

average pump outlet power (roe the following relationship:

144 Po Vo

Po= 33 x 103

whore:

Po = average output power, hp

Po: average pump operating pressure, patS

vo : average pump flow rate, lb/min

The overall pump efficiency may be calculated from the foltowtng reintton-

ship:

tOO Po
Overall ~Ficinncy (Percent) : Avere|o Inpu~ Power (bp)

The motor efllciencteJ for the three electrically driven motors were obtained

from data provided by the manuflcturor wkich is shown in Figure 4-8. Addi-

tionally, the speed reduction efficinncins were providetl by each pump
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manu/act~rer and is the best lrJormation available. From these efflcienciee

tha actual pump hydraulic efflciencies wore calculated from the following

overall efficiency, percent

motor efflclency, percent

speed reducer efficiency, percent

pump efficiency, percent

An evaluation of each pump performance during the test and the results of

the disassembly and inspection after the test, is discussed in the ~ollowing

paragraphs.

4.4.2. 1 Teat Performance n.a Peatiest Evaluation of the Milton Roy pump (PI)

The M/lien Roy Pump, Model FR I4IA-TZ, Serial No. 113509, in a crankshaft-

driven, balanced-diaphragm pump. The pumping and control mechm~4sm is

illustrated in FigUre 4-9. A summary of the pump operation during the 30-day

test is shown in Table 4-5. This pump operated for 737. 514 hours without

failure and was shutdown 31. 250 hours due to facility malfunctionJ ..a minor

maintenance work.

The daily average flow rate of this pump is show~ in Figure 4-10. The average

flow rate ~or the entire test wee 0. 0549 Ipm which was very close to the

desired flow rate o~ 0. 056 m:~,~ The m~tJor deviations in flow shown on Fig-

ure 4-10 were caused by facility malfunctions.. Of these malfunctions, the

deterioration of the accumulator Madder had the most severe effect on flow

rate. This problem caused Visco ~et flew or~tqr, e clogging which necessitated

constant metering valve adJuL~,,Lent8 and three repl~ce-~,~nte of the Visco ~et..

It/
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Table 4-5

RO PUMP TEST - SUMMARY OF MILTON ROY PUMP OPEP.ATZON

Start Stop
Date Time Time

4-6-73 1534

4-8-73 0933

1008

4-9-73 1300

1315

4-10-73 0400

0800

O~r~ M,!-ten,~ce F-i1,Lre
Time Time Time
(hr) (hr) (hr) Remeurks

41.983

26.866

14.750

1430 6.500

0.583

0.250

4.000

1510 0.667

4-11-73 1520 Z4.167

1545 0.417

4-16-73 1505 119.333

1515 0.167

4-17-73 1124 20.150

1134 0.167

4-18-73 1009 22.583

1015 0.100

4-Z4-73 0756 141.683

1637 8.683

4-25-73 0855 16.300

1218 3.383

4-26-73 2100 32.700

4-Z7-73 0750 10,833

1141 3.850

1300 1.317

Replace fuse

Pressure switch
inet-llaUon for P4

Reclr culatlon pump
hangup

Replace Visco Jet and
solenold valve

Replace system inlet
filter

Install snubber on
pressure switch

Change snubber

Change Vireo Jet

Pressure switch leak

Add water

Overpressuze shutdown

Replace accumulator,
Visco Jet, and meter-
ia8 ’valve



Table 4-5

RO PUMP TEST -SUMMARY OF MILTON ROY PUMP OPERATION (Contlnued)

Operating Maintenance Failure
Start Stop Time Time

Date Time Time (hz) (hr)

4-27-73 1326 0.433

1352 0.433

5-2-73 1500 121.133

1515 0.250

5-8-73 1620 145.083

Time
(hr) Remarks

Replace pressure switch

Replace accumulator and
Visco 3et

Test complete

737. 514 31. 250 0 Totals’

31.250

768. 764 Total Test Duration

The operation of this pump was generally smooth. However, the pump did

exhibit outlet pressure fluctuations which were slightly higher than the other

pumps. Because of these fiu,.tuations, a pressure snubber was installed on

the high-pressure control switch line. The pressure switch f-n,are on day 19

was attributed to pressure fluctuations which fatigued the pressure switch

bellows.

After completion of the 30-day test, the pump inlet and outlet valve assemblies

were unscrewed and inspected. They were found to be clean and free from

wear. The pump head was removed and the working charnbe:- w.5 found to

cont~- a few fibers and considerable residue. Figure 4-11 shows the residue

in the fluid passage. The passage walls were noted to be quite rough resulting

from a light, incomplete grinding of the casting surface. This condition pro-

vided an excellent surface for the collection of debris. These unground wall

areas collected most of the residual material.

The water side of the outer contour plate (see Figure 4-9) also collected a similar

deposit to that shown in Figure 4-12. The diaphragm is shown in Figure 4-13

for the water side and in Figure 4-14 for the oil side. The drive end parts,

motor coupling, and motor were in good condition with no visible wear,

distortion, or broken parts.
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Figure4.12. WatmSIde of Mi|ton Roy Pump (P1) Outer Cc.,;.~r PMte Aftra" Test



Figure 4-13. W~erSlde of Milton Roy Pump (PI) Diq)hraom Aftra" Test





4.4. Z. Z Test Performance and Posttest Evaluation of the BXF Pump (PZ)

The BIF pump, ~iodel 1731-1Z-9511, Serial No. 21Z16-1, is an crankshaft-

driven balanced tubular diaphragm pump. The pumping and control mechanism

is illustrated in Figure 4-15. A summary of the pump operation during the

test is shown in Table 4-6. This pump operated fo~ 750. 332 hours without

failure and was shut down 18.434 hours due to facility malfunctions and

maintenance only.

The daily average flow rate of this pump is shown in Figure 4-16. The

average fiow rate for the entire test was 0. 0575 gpm which slightly exceeded

the desired flow rate of 0. 056 gpm. The major deviations in flow shown in

Figure 4-16 were caused by facility rnnlFunctions. The deterioration of the

accumulator had less effect on this pump than on either PI or P3. This

problem did cause some flow orifice clogging, but the Visco :Jet was only

changed twice during the test. The accumulator bladder was changed on

day 26, but this was only a precautionary measure since the bladder had not

completely failed.

The operation of this pump was the most trouble free, and the pump output

pressure pulsating the least of 111 four pumps tested. This smoothness of

operation probably contributed to the long pump-on cycle of 2.64 minu~es

which was achieved with this pump (see Table 4-4) and may also have con-

tributed to better accumulator bladder life.

After completion of the test, an initial external inspection of this pump

revealed that the gear box shaft seal was leaking. Disassembly of the liquid-

end check valves followed the external examination. There was some debris

and deposits throughout the valve units. There were sm~11 amounts of metal

chips on the concave sections of the ball guides and fiber particles and soap

residues on the seats, guides, and walls. There was no indication of wear.
¯

There were considerably more deposits and particles in this pump’s valve

assemblies than in any other test pump.

The O-ring seals in the check valve bodies (Figure 4-15) .11 had pinched edges.

The frayed edges of the O-rings can be seen in Figure 4-17. The grooves are
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Figure4.15. BIF Model 1731.12.9511 CrAnkshaft.Drivel Ba~ncedTubular Dilmhr~m Pump



Table 4-6

RO PUMP T~T -SUM~RY OF BLI~ PUMP OP .E~_~T[O~

Operatina
Start Stop Time

Date Time Time (hr)

4-6-73 1534

4-9-73 1300 69.433

1315

4-10-73

4-11-73

0400 14. 750

0800

1430 6.500

1510

1520 24. 167

1545

MadntsnLnce Failure
Time Time
(hr) (hr)

0.250

4.000

Remarks

0.667

Pressure switch
installed for P4

0.417

Recirculatlon pump
hangup

4-13-73 1503 47.300

1512 0.150

4-18-73 1520 120.133

1600 0.667

4-24-73 0756 135.933

1637 8.683

Replace No. I Vlsco Jet
and Solenoid valve

4-25-73 0855 16.300

1218

5-1-73 1624 148. tO0

1637

5-8-73 1620 167.716

Replace system inlet
filter

Change Visco Jet

0il change at 240 hours

Pressure switch leak in
Pl

3. 383 Add water

0.217 Revlaced accumulator
and Visco Jet
Test completed

750.332

18.434

768.766

18.434 0 Totals

Total Test Duration

SS
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Figure 44 7. C-h’~~- Valve Body OoRing Sea4$ fTOm B|F Pump (P2)



sized so that a considerable amount of the O-ring projects above the groove.

When the units are assembled and tightened, the O*ringu are pinched between

the roaring surfaces.

The measuring cylinder assembly was disassembled and inspected for wear

and debris. There were no particles or residues in any of the passages and

no discernible wear. The diaphragm seemed in exceUent condit/on although

the lower edge was allghfly frayed. This very probably occurred at assembly.

4.4.2.3 Test Performance and Posttest Evaluation of the PCP Pump (P3)

The Precision Control Products Pump, Model 1971-IZI, Serial No. 7Z121113,

is sm eccentric-driven unbalanced diaphragm pump. The pumping and control

mechanism is illustrated in Figure 4-18. The pump incorporates an advanced

waveform, or harmonic, drive which is shown in Figure 4-19. The motor

directly drives a ball bearing with an 4~ner race that is eccentric and an outer

race that is flexible. This bearing slightly flexes a many-toothed spllne inside

a mating ring which has four more teeth. As a result of the different number

of teeth, the flex spline slowly rotates and turns the stroking eccentric.

A summary of the pump operation during the test is shown in Table 4-7. This

pump operated for 675. 932 hours before failure, lOrior to final fA4]ure, this

pump was shut down for 24. 049 hours due to pump rn*l~nctions and for

68. 785 hours due to facility rw’~4~nance and ~l~nctions.

The daffy average flow rate of ~;~e pump is shown in Figure 4-20. The average

flow rate for the entire test was 0. 058 gpm which slightly exceeded the desired

flow rate of 0. 056 gpm. This high flow rate was achieved in spite of the r~n~y

pump malfunctions and the facility rmnl~nnctione which occurred with this pump.

There were three (-~l~lres of the pump outlet check valve O-ring. A~ter each

of the first two fo41uree on days 2 ~d 5, the O-rin S was replaced with the

PCP recommend spare, Part No. 996. After the third failure on day 7, an

engineering evaluat/on was made a~er discussions with PCP personnel. It was

decided to replace the PCP O-ring with a MSZ8778-8 O-ring wklch was similar

in outer diameter but k,q ¯ smaller cross-sectional area. This modification

elirc-4~ated the O-ring problem.
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Table 4-7

RO PUMP TEST - SUMMARY OF PCP PUMP OPERATION

Operating Maintenance Failure
Start Step Time Time Time

Date Time Time (hr) (hr) (hr)

4-6-73 1534

4-7-73 i313

4-9-73

1315

2039 5.083

1300 47.783

O. 250

16.566

4-!0-73 0400 14.750

0855 4.000 0.917

1430 5.583

1510 0.667

4-II-73 1520 24.167

1545 0.4i7

Remarks.

4-12-73 0823 16.633

1428

4-24-73 0745 281.466

4-25-73 1218

5-5-73 2126 249.133

5-7-73 0806

5-8-73 I018 26.200

I035

1130 0.917

i155 0.284

1138

28.367

34.667

0.284

1208

6.083

0.133

0.217

O-ring failed

Pressure switch
installation for P4

RecirculaUon pump
hangup; O-rlng failed

Replace No. I Visco Jet
and solenoid valve

Replace system inlet
filter

O-ring failed

Pressure switch leak in
Pl; accumulator f-tlure;
add water

Overpres sure shutdown

Overpressure shutdown

Problem troubleshooting
change O-ring

Problem troubleshooting
replace check valve parts
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Table 4-7

Re PUMP TEST - SUMMARY OF PCP PUMP OPERATION (Continued)

OperaUng Maintenance Failure
Time Time Time
(h.-) (hr) (hr) Remarks

O. 200

1516 2.800

1524 0.133

1620 0.933

675.932

68.785

24.049

768.766

0.133 Problem troubleshooting
replace grease

Calibrate pressure
%ransducer

Final pump faalure

68. 785 24. 049 Totals

Total Test Duration

After the O-rlng problem was corrected, the pump operated normally for

281. 466 hours until the test stand was shut down due to the pressure switch

leak on da7 19. When the test stand was restarted, it was discovered that the

No. 3 accumulator bladder had £all~d. This was the first accumulator failure

and was due to the use of a bladder constructed of polyurethane rubber as

previously discussed. During the investigation of this malfunction, the O-ring,

which had been installed on day 7, was replaced as a preventive maintenance

measure. The O-ring had not Failed but was cut slightly on the inner

circumference.

After replacement of the accumulator and Visco Jet, the pump operated

normally for 249. 133 hours until the No. 3 system automatic overpressure

shut down on day 30. Since this shut dow,~ occurred on a weekend, it was

not detected until day 32. It was suspected that the overpressure condition

was caused hy a drfft4~ S pressure switch setting, which was corrected.
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The pump developed a slight but noticeable click(n S noise wh/~ h w as first

detected at 0815 on day 33. Additionally, the pump operation became erratic

and overpressure shutdown occurred with an outlet pressure of 600 psig.

(The overpreseure shut down switch had been set to actuate at 700 psig. 

Attempts to adjust the pressure switches did not improve the operation, which

indicated that pressure surges may have been present in the pump discharge.

The O-ring and both inlet and outlet check valve parts were replaced with no

change in operation.. The gear case cover was removed and it was discovered

that the lithium grease had leaked out of the harmonic drive case Into the oil

crankcase. The grease was replaced and the mechanism inspected, but the

cause of the clicking noise was not discovered and operation did not improve.

In order to evaluate the magnitude of the suspected ]?3 pump discharge pressure

transients, the pressure transducers on the three operating pumps (]?4 had

f~41ed on day 18) were calibrated and connected to a recording oscilloscope.

Typical pressure transients are shown in Figure 4-21. As can be seen in

Figure 4-21, ]?3 had developed a severe pressure transient having a lower

peak at approximately I00 psig and an upper peak at approximately I, 200 psig.

The pressure transients for ]?I and ]?2 did not exhibit any ~evere transients,

The ]?3 pump was considered failed and shut down for posttest disassembly

and evaluation.

Disasserr~bly of the htJad and valve assemblies was the first stop of the pump

Inspection. There were no deposits or ~lebris on the parts or in the passages.

The Iv[DAC-installed O-ring, MS28778-8, which had replaced the ]?C]? ]?art

No. 996 O-ring on day 7, had a cut at the i~ner side for 360 degrees of its

circumference as shown in Figure 4-22. There wRs no evidence of mechanical

wear on any o£ the metal surfaces.

The diaphragm was stuck to the head and both were unscrewed from the shaft

by rotating the head. The rubber-to-metal bond at the diaphragm shaft had

torn loose all around as shown in Figure 4-23,

The diaphragm was stuck to the head no that they could not be broken apart

by lateral presaure while in a vise or from blows of a r~=11et. Inserting a

knife blade into the joint all around the diaphragm £inally separated the two
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F~ure 4-22. Posttest Condition of MS28778-80-Ri~ Installed in PCP Pump (P3)



r

Figure 4-23. Drive Shaft Connectlon Side of PCP Pump (P3) Diaphragm



parts. There were no tears in the diephr~ fe.~’e o~ plec~ c~ it si~cl~ to’

the pump face. The bond apparently was a vacuum bond.

The pump cover was removed from the drive end after dral-~ug the oil. The

oll had mixed with the lithium grease and had been pumped back through the

cover plate. Part of it was pumped through the rubber plug and part through

a hole in the cover plate. This condition had been prevloualy noticed during

an inspection of the drive end during the test period on day 33. The grease

had been replaced in the harmonic drive section at this time. The hole

between the drive section cavity and the oil bath reservoir had been plugged

at factory assembly with IITV. The RTV plug was found to be quits loose and

had allowed oil to enter and mix with the lithium ~rease. This mixture was

pumped through the cover plate almost to the full capacity of the volume about

the plate. Metal particles were found in the bottom of oil bath reservoir as

shown in Figure 4-24.

Removal of the motor and the harmonic drive speed reducer mounting flange

~l]owed the remaining oil and lithium grease mixture to be drained from the

pump. Two broken screws were found loose in this section. Inspection of

the ~lexspline mounting screws showed two of four screws were still in their

mounting holes, although in the process of backing out. These were very

loose and upon removal, it was found that all four screws had been broken.

Figure 4-25 shows the broken ends still in the shaft. The secured screws

broke close to their ends, and the two screws that had broken and f~len out

were broken much closer to their heads.

Figure 4-26 shows two cracks in the plastic part of the flexspline. There are

eight cracks total hut the other six are in the face normal to the metal insert

and not as large. There was little, if any, wear on the flexspline or other

parts in the drive assembly.

In the design of the pump there appears to be two weak areas. One is the

O-ring mounting in the discharge valve assembly. Figure 4-27 shows the

O-ring (PCP Part No. 996 or MS 28778-8) as retained by the head and the

valve seat. Ms evaluated by MDAC personnel the 996 O-ring is not sufficiently

retained to be protected from backpressure action during intake. Both direct



Figure 4-24. Metal PaniclesWiped from Bottom of PCP Pump (P3) Oil Bath Rmolr



Figure 4-25. Broken Flexspline Mounting Sor~s in PCP Pump (P3}
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Figure 4-26. C,---1" "-~" Flexsp ine of PCP Pump (P3)
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backpressure and the reciprocating of the valve seat could contribute to driv-

ing the O-ring off the ledge on which it is seated. This would allow the O-rlng

to be cut by the bottom corner of the valve seat and, once it is torn sufficiently,

to be driven down around the spring.

The cross-sectional area of the O-ring also contributed to its being caught and

abraded by the valve seat. Its cross-sectional diameter of 0. 103 ¯ O. 003 in.

is too largo for the space allowed. The MS-28778-8 O-ring which was installed

on day 7 had a cross-sectlonal diameter of 0. 087 -~ 0. 003 in. and was never

dislodged.

Additionally it should be noted that the machined sealing surfaces throughout

the head and their parts are finished to approximately 63 RMS at best. General

industrial practice and seal and O-ring handbooks recommend a minimum of a

32 R1V~S finish for O-ring grooves and sealing sul.faces.

The second area to be discussed concerns the harmonic drive (see Figure 4-19).

The flexspline contained cracks, and its four mounting screws were ~II broken.

The manufacturerls engineering department identified these symptoms as

indicative o£ overheating. The overheating has occurred in a fraction of their

pumps since February 1973 due to faulty yokes. The yoke is a part in the drive

train, and some of those received in February were defective. The defective

yoke prevents the follower bearing from turning and this causes the shaft to

overheat. The heat is transferred to the flexspline causing cracking in the

plastic and the breaking of the bolts. Several openings and seams in the

assembly that are normally sealed alsc~ open sufficiently to allow the lithium

grease and oil to mix and to be pumped through the cover plate. The clicking

noise, which was noticed 8 hours operating time prior to the end of the test,

probably occurred with the failing harmonic drive parts. The configuration

of the pump drive section ~1]ows only minimal parts inspection without con-

siderable disassembly. Therefore the source of the noise could not be

detected during the test.

4.4.2, 4 Test Performance and Posttest Evaluation of the Haskel Pump (P4)

The Haskel pump, Model MS-12, Serial No. 1272 122, is a reciprocating,

packed plunger, direct air actuated pump. A cross-sectional view of this

I



pump is shown in Figure 4 =28. A sun.mAry of the pump operation during the

test |s shown in Table 4-8. This pump operated for 3~I. 55 hours during the

test prior to final failure. This pump was shut down for 67. 667 hours due to

~pump mn16~nct~ons and for 14. 817 hours due to facility malfunctions.

The daily average flow rate of this pump is shown in Figure 4-29. This pump

never achieved the desired O. 056-gpm flow rate. The average flow during the

test was 0. 0456 gpm and t~.e maximum average daily flow was 0. 0558 gpm,

which was achieved on day 1~ after the pump had been rebuilt.

This pump should have operated at 800 palg with an air pressure of 67 pslg

(the pump’had an effective air side to liquid side area ratio of 1~:1}. However,

the design flow rate could not he obtained and the air pressure was increased

gradually to 95 psig in an attempt to achieve the design flow rate. Operation

at this higher pressure required modifications to the test stand to incorporate

a high-pressure control switch to limit the normal operating pressure to

840 psig maximum,

The Haskel pump had two characteristics that diminished its effectiveness.

The plunger packing would not function in a static condition and water would

rapidly leak into the drive section and out the lower exhaust port unless the

supply valve was closed as the pump stopped operating. This occurred soon

a/ter the pump was inst~l~ed, and ~id not seem to be a function of wear. The

second problem was the occasional stickln~ of the pilot valve which would stop

the purt~p. The pump would begin reciprocating again when the air cap

(Figure 4-28) .as struck sharply. This occurred three times during the

test. The third time it happened (on day 9) the discharge v,ressure was also

~luctuating from 250 to 400 psig. The pump was removed at this time and

disassembled.

The liquid outlet check valve assembly was inspected and the edges of the

guide were smoothed and the valve assembly was reassembled. The rv~=

body of the pump was disassembled and soap residues were found’in and above

the packing, but the liquid ~=let check valve parts and the air barrel were

quite clean. There was ~ome scoring of the plunger. The air drive end
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